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ABSTRACT
The use of nanotechnology in agriculture has attained high interest to enhance crop
production due to their unique properties. Moreover, metal oxide nanomaterials can potentially
supplement nutrients, enhance plant growth, and crop production. When investigating fruits’
nutritional quality, carbohydrates, and phytonutrients (bioactive compounds) play important
roles. Therefore, it is important to understand how nanomaterials will affect the quality of tomato
fruits. In this dissertation, various metal oxides were synthesized and applied to Candyland Red
tomato seedlings to assess the plant growth and tomato production.
In the first investigation, Candyland Red tomatoes (Solanum lycopersicum) were exposed
to synthesized pristine CuO and functionalized CuO nanomaterials via soil application at two
concentrations 50 and 500 mg/kg and grown to full maturity (120 days). Additionally, purchased
CuO and CuSO4 were used for comparison purposes. After harvesting, physiological parameters,
micronutrient/macronutrient profiles, carbohydrates, and bioactive compounds were investigated.
This investigation showed that CuO treatments altered the total soluble proteins (TSP) in the root
tissues and caused a micronutrient (Cu and Fe) redistribution throughout all plant tissues.
Moreover, it was determined that both the purchased CuO and functionalized CuO caused a
decrease in fruit starch content. This study demonstrated how functionalization on NPs can
induce different biochemical responses in plants.
In the second investigation, Candyland Red tomatoes were foliarly exposed to magnetite
(Fe3O4), hybrid ferrites (MnFe2O4, ZnFe2O4, and Zn0.5Mn0.5Fe2O4), hausmannite (Mn3O4), and
ZnO NMs at 250 mg/L and grown for a total of 135 days. During plant growth, the tomato fruits
were harvested as they ripened. It was found that the sugar content in the fruit was enhanced by
Mn3O4 and ZnO treatments by 118 and 111 %, respectively. Additionally, the phytonutrients of
vii

the tomato fruits were investigated at different storage times (0 and 15 days). MnFe2O4,
ZnFe2O4, and Zn0.5Mn0.5Fe2O4 caused an initial decrease in lycopene content at 0 stored days,
but after 15-day storage, the treatments and the control were statistically the same. Moreover, the
β-carotene in the fruit was decreased by Mn3O4 and ZnO at both 0 and 15 days stored. The total
phenolic compounds decreased upon storage; however, ZnFe2O4, Zn0.5Mn0.5Fe2O4, and ZnO
mitigated the reduction and improved the phenols, compared to the control.
Overall, this dissertation investigation assesses both the potential applications and
implications of various metal oxide NMs on tomato fruit quality and underlines the need for
caution using nanoscale treatments for crop growth.
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CHAPTER 1

BACKGROUND
Population growth and environmental factors such as climate change pose a threat to food
security (supply and demand). The global population is projected to expand by 25% reaching
over 9 billion by 2050; simultaneously, urbanization is also expected to increase by 20% by the
same year [1]. Additionally, fruit, vegetable, and grain production and quality depend heavily on
environmental factors including soil characteristics, climate, salinity, topography, pests, etc [1].
Plants also require specific elements in minute amounts (micronutrients) for proper growth,
development, and fruit production shown in Figure 1.1. These micronutrients include boron,
manganese, zinc, copper, and iron [2]. Deficiencies in one or several micronutrients may alter
plant growth and cause various plant diseases [2].
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Figure 1.1 Micronutrient range for plant growth and development. Reproduced from Tripathi et
al. [2]
In order to improve crop production and meet projected food crop demand, major
agricultural technological advancements are required. Conventional agricultural farming
involves the use of fertilizers to supplement required micronutrients and pesticides to control
pests and plant disease carriers. The main issues with the current practices are the inefficient
delivery and waste production [3]. The use of conventional fertilizers and pesticides also leads to
the accumulation of nutrients/toxins in aqueous systems such as groundwaters and surface waters
leading to disruption of aquatic ecosystems via eutrophication [4]. Moreover, this incurs
additional water purification costs. The use of nanotechnology has received high interest to
improve nutrient delivery efficiency and to increase crop production. Nanotechnology in
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agriculture involves the use of nanomaterials, nanosensors, and nanoemulsions to improve food
safety, nutrient delivery, gene and drug delivery, and pest resistance as shown in Figure 1.2.

Figure 1.2 Potential improvements in agriculture from the use of nanotechnology reproduced
from White and Gardea-Torresdey (2018) [3].
Nanomaterials (NMs) are classified as materials containing at least one dimension
ranging from 1 – 100 nm in size. Additionally, they are categorized as natural, incidental, or
engineered nanomaterials [5]. Natural nanomaterials are found in nature and are produced from
environmental processes. Incidental NMs arise unintentionally from human activity or
anthropogenic processes, while engineered NMs are manufactured and fine-tuned for specific
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applications [5]. Moreover, nanomaterials tend to exhibit unique behaviors when compared to
their bulk counterparts due to the quantum confinement effect [5]. These unique properties
include their high surface area to volume ratio, high reactivities, small size, and variable
physicochemical properties such as increased physical strength, electrical conductivity, and
optical properties [5–7]. Nanomaterials can be fine-tuned to alter their behavior and properties as
shown in Figure 1.3. For instance, morphology may be altered by varying synthetic conditions,
surface modification may be conducted to introduce specific functional groups, targeting ligands
may be incorporated for therapeutic effects, and nanomaterials may be encapsulated to facilitate
compatibility and mobility [8–10].

4

Figure 1.3 Nanomaterial design for various applications. Reproduced from Drashti Desai, Bala
Prabhakar, and Pravin Shende [11].
Metal oxide nanomaterials have received increased interest and are used in several
applications such as catalytic materials, microelectronics, medical applications, semiconductors,
and cosmetics. CuO, magnetite, metal ferrite hybrids, hausmannite, and ZnO are all
semiconductors with various properties and applications. For instance, copper oxide (CuO) is
mainly used for the production and development of near infrared filters, sensors (biosensor and
gas sensor), catalysts, photodetectors, and supercapacitors [12,13]. In addition, magnetite
5

(Fe3O4), a magnetic semiconductor, has a crystal structure of an inverse spinel comprised of a
mixture of two cation sites: A and B sites [14,15]. The A sites are occupied by Fe3+ surrounded
by oxygen forming a tetrahedra while the B sites are comprised of equal numbers of Fe2+ and
Fe3+ ions surrounded by oxygen ions forming an octahedra [15]. Fe3O4 is used in batteries,
catalysts, data storage, sensors and drug delivery [15]. Similar to magnetite, ferrites occur from
the substitution of the Fe2+ by other divalent metals and are denoted as MFe2O4 where M can
represent another metal cation such as Mn, Cu, Zn, Co, etc. [14,16–18]. Two interesting ferrites
are MnFe2O4 and ZnFe2O4 due to their high magnetic permeability, high chemical stability, low
coercivity, and moderate saturation magnetization [16]. Their applications include magnetic
hyperthermia, catalysis, lithium-ion batteries, sensors, hydrogen production, heavy metal
removal, and drug delivery [17,19,20]. Moreover, hausmannite (Mn3O4) also has a spinel
structure comprised of a mixture of Mn2+ and Mn3+ ions [21]. It has been used in various
applications including biosensors, heavy metal detection, batteries, capacitors, and
electrochromics [22]. Lastly, ZnO is an n-type semiconductor exhibits a large bandgap of 3.37
eV and a exciton binding energy approximately of 60 meV [23–26]. It has been used and
investigated for various applications such as cosmetics, sensors, solar cells, and photocatalysis
[23–26].
Several studies have been conducted to investigate the potential use of various NMs in
agriculture to enhance crop growth and have shown variable results. For instance, soil exposure
of CuO did not impact peanut plant growth except for 500 mg/kg, which reduced the stem
biomass [27]. Moreover, both CuO at both 50 and 500 mg/kg also decreased the amino acid
content in the peanuts [27]. Similarly, soil amended exposure of CuO to spinach plants using
weathered and unweathered soils showed that weathered nCuO treated plants exhibited lower
6

carotenoid content compared to the control by approximately 56% [28]. However, when Cu NPs
were applied to tomato Huno F1 variety plants via foliar application, an enhancement in the
phytonutrient content including vitamin C, lycopene, and ABTS antioxidant was observed in
tomato fruit [29].
Soil exposure of muskmelon to γ-Fe2O3 and Fe3O4 showed an increase in fruit weight and
vitamin C content; however, at the concentrations tested, there was a decrease in Fe content in
the aerial tissues with the exception in the fruit when plants were treated with 100 mg/L of
Fe3O4, which was the same as the control [30]. In a hydroponic study with various iron based
NMs, it was found that in iron deficient matrix, the zero valent iron (ZVI) and Fe3O4 not only
enhanced the chlorophyll in rice seedlings by 30.7 and 26.9%, respectively, but also decreased
gibberellin and indole-3-acetic acid, which are stress related phytohormones [31]. Moreover, just
like other iron oxide materials, ferrite hybrids are gaining traction and are being applied to plant
to assess their effects on plant physiological parameters. MnFe2O4 was applied to Xi’an Jinpeng
no. 1 tomato plantlets via foliar spray and grown to full maturity [32]. It was found that MnFe2O4
increased the chlorophyll content at 40 days after application and enhanced the amount of fruits
and fruit weight by 50 and 75%, respectively [32].
The investigation of Mn and Zn based metal oxides has shown promise for the use in
agriculture. Mn3O4 exhibits enzyme like activity and is usually referred to as a nanozyme [33].
When applied to cucumber plants, it was found that Mn3O4 at 1 mg per plant enhanced the
chlorophyll content and upregulated various metabolomes in the shikimate pathway: thus,
enhancing the cucumber’s antioxidants [33]. When ZnO was applied on rice plants at different
growth stages (basal, tillering, and panicle) through soil route, an increase in grain yield was
observed, and it was found that application of the ZnO treatments at the panicle stage increased
7

the Zn content in the rice [34]. Green pea exposure to ZnO and Al2O3-ZnO NPs via soil
application (250 or 1000 mg/kg) showed that 250 mg/kg did not impact the fresh biomass;
however, Al2O3-ZnO NPs increased the chlorophyll A and carotenoid content showing that
surface or lattice modifications will alter the effects of NPs/NMs in food crops [35].
In the current doctoral research project, the long-term exposure of various metal oxide
nanomaterials on Candyland Red tomatoes was assessed via the effects on the plant growth, fruit
production, micronutrient profiles, and nutritional quality of the tomato fruits. This investigation
was separated into two phases. Phase 1 was conducted to evaluate the effects of pristine CuO and
citric acid functionalized CuO on the physiological, agronomical, and biochemical responses of
the plants and fruits. Phase 2 consisted of synthesis of magnetite (Fe3O4), ferrite hybrids
(MnFe2O4, ZnFe2O4, and Zn0.5Mn0.5Fe2O4), haumannite (Mn3O4), and ZnO, and foliar
application of the NMs to Candyland Red tomato plantlets to evaluate plants’ physiological and
agronomical parameters as well as to investigate the effects of the NMs on the fruits’
phytonutrients prior and after storage.
The primary objective of this research project was to evaluate the effects of various
nanomaterials on tomato fruit quality (Solanum lycopersicum l.Candyland Red variety). To
achieve the main objective, the following objectives were established.
Research Objectives:
1. To synthesize various metal oxide nanomaterials via hydrothermal reactions.
2. Characterize nanomaterials and determine their hydrodynamic particle size and zeta
potentials.
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3. Evaluate the effects of the synthesized NMs on the physiological development of
tomato plants.
4. Evaluate micronutrient profile in various plant tissues and tomato fruits.
5. Assess the NM impact on nutritional quality of Candyland Red tomato fruits by
evaluating the:
a. Carbohydrate profile
b. Total phenolic compounds
c. Flavonoid content
d. Carotenoid profile

9

CHAPTER 2

CITRIC ACID-FUNCTIONALIZED CUO NANOPARTICLES ALTER
BIOCHEMICAL RESPONSES IN CANDYLAND RED TOMATO
(SOLANUM LYCOPERSICUM)1

2.1 Introduction
Nanomaterials have at least one dimension ranging between 1 to 100 nanometers. At this
size, nanomaterials exhibit vast characteristics including higher reactivity, increased surface area
and mobility, and unique physicochemical properties due to quantum confinement effects[36].
Thus, the interest in engineered nanomaterials has increased and led to the extensive study of their
properties and applications. For instance, nanomaterials are being studied and/or applied to
textiles, paints, the oil and gas industry, medical procedures (e.g. cancer treatment and drug
delivery), electronics, water remediation, catalysts, and agricultural practices[7,37–41]. The
agricultural production demand is projected to increase by up to 60% with the global population
expansion to approximately 9.7 billion by 2050[3]. In addition, the current agricultural technology
suffers from inefficient delivery and use resulting in a 10-75% loss in crop production[3].
Therefore, interest has escalated on the use of nanotechnology in agriculture for various
applications including nanopesticides and nanofertilizers to increase crop production and stress
tolerance during plant growth.

1

Reprinted from Jesus M. Cantu, Yuqing Ye, Carolina Valdes, Keni Cota-Ruiz, Jose A. Hernandez-Viezcas, and
Jorge L. Gardea-Torresdey. Citric Acid-Functionalized CuO Nanoparticles Alter Biochemical Responses in
Candyland Red Tomato (Solanum lycopersicum). ACS Agricultural Science & Technology 2022 2 (2), 359-370 ©
American Chemical Society All rights reserved.
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Metal-based materials such as copper, are being used in various applications. For
instance, copper-based material production in 2010 was at 200 metric tons comprised of the main
production of catalysts, electronics, paints and coatings, medical applications, and
cosmetics[42,43]. The fate of the majority of Cu and CuO nanomaterial is landfill disposal (75%)
followed by soil disposal/accumulation (18%) via emissions[42]. Since Cu-based nanomaterials
eventually end up in soil and water, extensive research has been conducted to understand the
implications of these materials on food crops. Previous studies have shown variable results
regarding the application of copper-based nanoparticles on plant physiology and growth processes.
For instance, foliar application of Cu nanoparticles (NPs) onto tomato leaves at 250 mg/L, caused
accumulation of vitamin C, total phenols, and β-carotene, with respect to control samples[44]. In
the same study, the application of Cu NPs was also able to alleviate the effects of salt stress such
as decrease of antioxidants and bioactive compounds[44]. In a full life cycle with sugar cane grown
in soil exposed to different Cu based treatments (Cu NPs, μCuO, CuCl2, and Kocide 3000®), at
concentrations of 20 mg/kg, Cu NPs caused the activation of catalase and increased chlorophyll
A, while all concentrations studied (20, 40, and 60 mg/kg) caused an accumulation of Cu in the
root tissues, compared to the controls; however, Cu translocation to the leaves was found to be
negligible[45].
Tomato (Solanum lycopersicum) is a widely consumed fruit comprising 14% of total
vegetable production[46]. Tomatoes are high in carotenoids (β-carotene, and lycopene), vitamin
C, sugar, starch, flavonoids, and micro/macronutrients[44]. Previous studies have shown various
results when metal-based nanoparticles are introduced to tomato plants. For instance, Barrios et
al. showed that the presence of citric acid-coated CeO2 (CeO2-CA) and ligand-free CeO2 had no
effect on the total chlorophyll content, while the presence of bulk CeO2 at 250 and 500 mg/kg
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caused an increase, compared to the control[47]. Both studies by Adisa et al. and Barrios et al.
showed that both foliar and soil exposure to ligand-free CeO2 on Solanum lycopersicum increased
fruit yield compared to untreated plants[47,48]. Similar results were found when tomato plants
were exposed to TiO2 (concentrations above 500 mg/kg) and ZnO (concentrations above 100
mg/kg) via both foliar and soil application causing an increase in fruit yield, size, and enhanced
lycopene content[49]. Moreover, in another study, foliar application of 1 and 10 mg/L of CeO2
NPs caused a decrease in total fruit yield; however, there was an increase in fruit weight and
size[50].
Currently, there is not enough information regarding the effects of surface coated CuO NPs
on tomato plants growth and nutritional quality. In the present study, CuO NPs were synthesized
via by titrating copper acetate with NaOH. Half of the synthesized CuO NPs were then
functionalized with citric acid and characterized with X-ray diffraction and FTIR/ATR. Candyland
Red tomatoes (Solanum lycopersicum) were chosen as model plants to investigate the potential
beneficial effects (such as an increase in fruit yield and fruit quality) of the copper oxide
nanoparticles. For this study, Candyland Red tomato seedlings were exposed to synthesized CuO
NPs, US-Nano CuO NPs (product number: US3070), citric acid coated CuO NPs, and an ionic
counterpart (CuSO4) at either 50 or 500 mg/kg via soil application for 90 days post transplantation.
Throughout the growth of the plants, the chlorophyll content and shoot length progression were
measured at 30-day intervals. Furthermore, the effects of CuO NPs on the plant growth, fruit
production, biochemical parameters, and micro/macronutrient uptake, were measured and
determined post-harvest.
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2.2 Materials and methods
2.2.1 Synthesis of CuO Nanoparticles
Nano-CuO was synthesized via a precipitation method[51]. For the synthesis, 1 L of 120
mM copper acetate was titrated slowly with 240 mL of 1 M NaOH. After titration, the solution
was heated to 90°C for approximately 90 min to induce the formation of CuO NPs. The precipitate
was isolated in 50 mL conical tubes, washed, and centrifuged to remove any byproducts. The CuO
NPs were then oven-dried at 70°C and subsequently calcined at 500°C for 2 hrs to ensure complete
removal of any impurities and byproducts. Half of the synthesized CuO NPs were surfaced coated,
and the other half was used as is, as pristine CuO NPs. For comparison, nano CuO was also
purchased from US Nano (US Nano, Houston, Tx). The purchased CuO, according to
specifications, had a purity of 99%, spherical morphology, and a particle size of 40 nm.
2.2.2 Surface Coating of CuO Nanoparticles
Surface functionalization of synthesized CuO nanoparticles was accomplished using citric
acid via citric acid grafting method[52]. For this procedure, 62.9 mM CuO and 187 mM citric acid
suspensions were prepared in an 8:2 v/v water to ethanol ratio. The CuO suspension was mixed
with 187 mM citric acid solution and the pH of the mixture was adjusted to pH 12 using 6 M
NaOH. The mixture was then refluxed for 3h. Afterward, the product was centrifuged and washed
three times to remove excess citric acid.
2.2.3 Nanoparticle Characterizations
Ligand-free, purchased, and surface functionalized CuO nanomaterials were analyzed via
X-ray diffraction using a Panalytical Empyrean diffractometer with a Cu (kα = 1.54) source. The
spectra were collected from 20° to 70° in 2θ with a step width of 0.013 and a counting time of 27.8
s. The diffracted spectra were fitted in the FullProf suite software via a Le Bail fitting and using
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literature crystallographic data[53–55]. Furthermore, the particle size of the nanomaterials was
calculated using the Scherrer’s equation and a Gaussian fitting of the most intense peaks.
Pristine CuO, citric acid (CA), and citric acid-functionalized CuO (F.CuO) were
individually analyzed by FTIR spectroscopy with an attenuated total reflectance accessory (ATR)
to ensure the functionalization of the CuO with the citric acid (Agilent Cary 630). The infrared
spectra for all three materials were obtained from 3500 cm-1 to 400 cm-1. The spectra were all
baseline corrected and normalized.
SEM imaging was conducted according to Ye et al.’s method[56]. For the analysis, the
nanomaterials were coated using an SPI-Module sputter-coated with gold for 40 s with a current
of 18mA. Subsequent to coating, the samples were imaged via SEM using a Hitachi S-4800 using
a secondary scatter electron mode at 15 keV.
The hydrodynamic size and ζ-potential of S.CuO, P.CuO and F.CuO were determined
using the Malvern Panalytical Zetasizer Nano ZS90 by dynamic light scattering (DLS) and
electrophoretic light scattering (ELS), respectively. Prior to analysis, 500 mg/L suspensions of
each material was prepared using Millipore water (MPW) at 18MΩ resistance. The fresh
nanomaterial suspensions were sonicated for approximately 30 min at 25°C using a Crest
Ultrasonicator (Crest Ultrasonics 275DA). Once sonicated, each suspension was measured a total
of three times for the hydrodynamic size and ζ-potential.
2.2.4 Plant Cultivation
Solanum lycopersicum, Candyland Red variety seeds were germinated in vermiculite for
32 days. Once germinated, seedlings were transplanted into pots containing approximately 1.5 kg
of potting mix (Miracle-Gro) containing different copper-based compounds: CuSO4, S.CuO,
P.CuO, and F.CuO at two concentrations, 50 mg/kg and 500 mg/kg. Each treatment consisted of
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five replicates each with four seedlings. After 60 days, the pots were thinned out and one plant
was kept in each pot and grown to full maturity (120 days after germination). The tomato plants
were watered daily and grown in a greenhouse in El Paso, Tx. On day 120, tomato plants were
harvested. During harvesting, small portions of the tissues from each replicate were collected,
flash-frozen in liquid nitrogen, and stored at -80°C for bioactive compound analysis. The rest of
the tissues were sectioned off and oven-dried for elemental analysis and carbohydrate extraction.
2.2.5 Determination of Total Sugars
The total sugar content in the fruit was extracted optimizing Dubois et al.’s method[57] for
microplate analysis. For the extraction, 100 mg of the dried tomato fruit from each treatment and
replicate were mixed with 10 mL of 80% ethanol and boiled in a water bath (80°C) for 30 min.
Subsequently, samples were centrifuged at 22,000 xg for 20 min. The extract was decanted into
clean test tubes, and the extraction was repeated a total of three times. The sugar extracts were
pooled together, evaporated to 3 mL, and diluted to 50 mL with MPW. The extracts were then read
at 490 nm by SpectraMax M2 Microplate Reader. Calibration curves with R2 ≥ 0.98 were
constructed using glucose as a standard.
2.2.6 Determination of Starch Content
The starch content in the fruit was extracted following Verma and Dubey’s method[58].
The residue from the total sugar extraction was oven-dried at 70°C for 24 h. Oven-dried samples
were homogenized with 2 mL of water and boiled in a hot water bath for 15 min. The samples
were cooled to room temperature following the addition of 2 mL H2SO4. The samples were stirred
for 15 min and centrifuged at 3000 xg for 20 min. The extracts were decanted into clean test tubes
and the extraction was repeated a second time with 50% H2SO4. The supernatants were pooled
together and diluted to 50 mL with MPW. The quantification of the starch content was conducted
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following the Dubois et al.’s method[57]. The starch extracts were measured with SpectraMax M2
Microplate Reader at 490 nm. Calibration curves with R2 ≥ 0.98 were prepared using potato starch
as a standard.
2.2.7 Micro- and Macro- Nutrient Analysis
After harvesting, the root, shoots, leaves, and fruit tissues were separated and oven-dried
at 60°C for 72 h and ground into a powder. Samples of 0.2 g for each treatment and replicate were
acid digested with 4 mL of plasma pure nitric acid and 2 mL of 30% hydrogen peroxide at 115°C
for 45 min on a digestion block. Subsequent to digestion, plant and fruit samples were diluted to
50 mL with MPW and analyzed via ICP-OES (PerkinElmer Optima 4300 DV, Shelton, CT).
Standard reference material (spinach, NIST-SRM 1570a) and blanks were used to validate the
digestion method and a standard solution was used for the instrumental calibration.
2.2.8 Leaf Chlorophyll Content
The chlorophyll content of the tomato leaves was measured starting at 4 weeks post
transplantation, at 30-day intervals using a single photon avalanche diode handheld instrument
(SPAD, Minolta Camera, Japan). For each analysis, five random leaves per plant were selected,
measured, and averaged using the SPAD.
2.2.9 Bioactive Compounds Extraction and Quantification
Protein extraction was conducted using a method by Hernandez-Fuentes et al.[44], where
frozen tomato roots and fruits were lyophilized with a Labconco Freezone 4.5. Thereafter, the
lyophilized tissues were ground using a mortar and pestle. The lyophilized tissue was used for
protein, total phenols, and flavonoids extractions. For the total soluble protein extraction, 100 mg
of the ground tissue was placed in a 2 mL Eppendorf tube followed by the addition of 10 mg of
polyvinylpolypyrrolidone (PVPP) and 1.5 mL of 0.1 M potassium phosphate buffer at pH 7.1. The
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samples were then centrifuged at 12,000 RPM for 20 min at 4°C. Afterward, the supernatant was
transferred to clean Eppendorf tubes for total protein assay.
The total soluble proteins were quantified using Bradford’s assay[59]. In brief, 5 μL of
extract was transferred to a microplate followed by the addition of 145 μL of 0.1 M potassium
phosphate buffer at pH 7.1. Coomassie Protein Assay Reagent (150 μL) was then added to each
well in the microplate. After 10 min, the absorbance was measured at 595 nm with a Multiskan
SkyHigh microplate spectrophotometer (Thermo Fisher Scientific). Standard calibration curves
were constructed using bovine serum albumin (BSA) (R2 ≥ 0.98).
Total phenols were quantified following the method described by Singleton et al.[60]. For
the extraction, 200 mg of lyophilized fruit tissue was placed in a 2 mL Eppendorf tube followed
by the addition of 1 mL of 1:1 water/acetone solution. The mixture was vortexed for 20 min
followed by centrifugation for 10 min at 12,000 RPM. The extract was then transferred to clean
Eppendorf tubes. The assay was conducted in a microplate, where 4 μL extract, 8 μL Folin reagent,
20 μL Na2CO3, and 200 μL MPW were added to each well. Thereafter, the microplate was
incubated at 45°C for 30 min and absorbance measured at 750 nm via Multiskan SkyHigh
microplate spectrophotometer (Thermo Fisher Scientific). Standard calibration curves were
constructed using gallic acid with R2 ≥ 0.98.
The flavonoid content was quantified with a modified Dow’s method[61] adapted to a
microplate analysis. The flavonoid content was extracted by mixing 100 mg lyophilized fruit tissue
and 10 mL HPLC grade methanol in a test tube, vortexed for 10 min, and centrifuged for another
10 min. Subsequent to extraction, the supernatant was transferred to clean test tubes. For the assay,
150 μL of the extracts were transferred to a microplate followed by the addition of 150 μL of 2%
AlCl3 methanolic solution. The microplate was placed in the dark to rest for 20 min followed by
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absorbance measurements via Multiskan SkyHigh microplate spectrophotometer (Thermo Fisher
Scientific) at 415 nm. Calibration curves with R2 ≥ 0.98 were constructed using quercetin as a
standard.
The carotenoid extraction and analysis were conducted following Nagata and Yamashita’s
method[62]. For the extraction, 1 g of frozen tomato fruit was ground using a mortar and pestle
and was placed in a 15 mL test tube. Thereafter, 14 mL acetone/hexane solution (4:6) was added
to the sample tubes and vortexed for 10 min. The samples were allowed to settle, and the top layer
was used for analysis via Multiskan SkyHigh microplate spectrophotometer (Thermo Fisher
Scientific) at 453, 505, 645, and 663 nm. To quantify the lycopene content, Eq. 1 was used, with
Sunset Sweet Bites tomato fruit as a positive control.
𝐿𝑦𝑐𝑜𝑝𝑒𝑛𝑒 (𝑚𝑔/100𝑚𝐿) = −0.0458𝐴663 + 0.204𝐴645 + 0.372𝐴505 − 0.0806𝐴453

Eq. 1

Where A, is the absorbance and 453, 505, 645, and 663 are the absorbance wavelengths in nm.
2.2.10 Statistical Analysis
One way ANOVA was conducted for normal, parametric data with a Tukey’s HSD
multiple comparisons test with an error of P ≤ 0.05. Data following a non-parametric trend was
evaluated with the Kruskal-Wallis and Dunn’s post hoc test. The analysis was conducted on both
OriginPro 2021b and Minitab 19.
2.3 Results and discussion
2.3.1 Nanomaterial Characterization
The diffraction patterns for all three nanomaterials are shown in Figure 2.1. It was
determined that all CuO NPs were in a monoclinic geometry with a space group of C2/C. The
calculated lattice parameters are shown in Table 2.1. Additionally, the χ 2 for the LeBail fittings
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were 1.91, 2.32, and 2.32 for S.CuO, P.CuO, F.CuO, respectively, indicating excellent agreement
with the literature data[55,63].
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Figure 2.1 Fitted x-ray diffraction patterns of (A) synthesized CuO, (B) purchased CuO, (C)
functionalized CuO.
The peaks at 32.5, 35.4, 35.5, 38.7, 38.9, 46.2, 48.8, 51.3, 53.4, and 56.7 in 2θ correspond to the
(110), (002), (-111), (111), (200), (-112), (-202), (112), (020), and (021) planes, respectively.
Moreover, the particle size of the nanomaterials was calculated using Scherrer’s equation shown
in Eq (2).
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Eq. 2
Where D is the crystallite size, K is the shape factor, λ is the wavelength of the source, β is the
FWHM of the peaks, and θ is the Bragg angle. The calculated particle sizes were 60.3 ± 8.4, 51.3
± 13.8, and 86.1 ± 26.1 nm for the S.CuO, P.CuO, and F.CuO nanomaterials, respectively.
Table 2.1 Calculated lattice parameters and particle sizes for all three CuO nanoparticles.
Table 2.1 Calculated lattice parameters and particle sizes for all three CuO nanoparticles.
Material
S.CuO
P.CuO
F.CuO

a
4.686203
4.684813
4.686569

b
3.427073
3.433930
3.428074

c
5.131659
5.125857
5.131582

Lattice Angles
α= γ =90, β = 99.441
α= γ =90, β = 99.516
α= γ =90, β = 99.457

χ2
1.91
2.32
2.32

Particle size (nm)
60.3 ± 8.4
51.3 ± 13.8
86.1 ± 26.1

After functionalization, the F.CuO was analyzed by FTIR along with sodium citrate and
S.CuO to ensure surface modification. As shown in Figure 2.2, the absorption band around 425
cm-1 in both S.CuO and F.CuO can be attributed to the vibrations of the Cu-O group[52,64].
Furthermore, due to calcination of the S.CuO, other molecular vibrations were not found,
confirming a pristine surface. Additionally, citric acid exhibited an absorption band occurring
around 1700 cm-1 that is attributed to the C=O stretching, while the band occurring at 1390 cm-1
is attributed to the C-O stretching. Moreover, the O-H stretching from the tertiary alcohol present
in citric acid can be seen at 1100 cm-1, and the bending of the O-H group from the carboxylic acid
portion can be seen at 1400 cm-1. Lastly the absorption band at 3290 cm-1 is due to the presence of
O-H from the citric acid. In the F.CuO IR spectrum, the C-O and C=O stretching can be seen at
1370 cm-1 and around 1600 cm-1, while the tertiary alcohol band is at 1080 cm-1. The shift in C=O
and C-O indicates that the CA bonded to the CuO via chemisorption of the carboxylate
group[65,66]. Therefore, causing the weakening of the C=O causing a shift in frequency from
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1700 cm-1 to 1600 cm-1 [10,65,66]. This characterization confirmed the success of surface
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Figure 2.2 IR spectra for citric acid (CA), CuO, and citric acid-functionalized CuO (F.CuO)
from 3500 to 400 cm-1.
Figure 2.3 shows the SEM images for S.CuO, P.CuO, and F.CuO NPs. Both S.CuO and
F.CuO consist of clustered disk-like/platelet particles. According to the manufacturer, the P.CuO
NPs morphology is nearly spherical; however, P.CuO consisted of platelet and bladed particles.
Moreover, the nanomaterials appear to be around 50 nm in diameter.
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Figure 2.3 SEM images of the (A) synthesized CuO, (B) purchased CuO, and (C) functionalized
CuO.
The hydrodynamic size and ζ-potential of the nanomaterials are shown in Table 2.2. From
the analysis, it was determined that both S.CuO and P.CuO had a relatively large hydrodynamic
size of 554.3 nm and 716.7 nm, respectively. However, the P.CuO nanomaterial exhibited a lower
magnitude ζ-potential of -14.4 mV while the S.CuO had a higher magnitude ζ-potential of -34.1.
The small magnitude of the ζ-potential in P.CuO leads to instability and causes particles to
agglomerate and precipitate out of the solutions. On the other hand, the hydrodynamic size of the
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F.CuO was 226.1 nm with a ζ-potential of -39.4 mV, indicating that the F.CuO is more dispersed
in MPW. Similarly, it was reported that the ζ-potential magnitude of other materials with citric
acid was generally larger than the pristine nanomaterials themselve[10,66,67]. Besides having a
larger magnitude, the zeta-potential of citric acid coated nanomaterials tends to be highly negative;
due to the negatively charged carboxylate groups attached to the surface of the
nanoparticles[10,67]. Thus, further confirming the binding of CA onto the CuO surface.
Table 2.2 Hydrodynamic size and ζ-potential for all CuO nanoparticles determined from the
DLS and ELS.
Particle Type Hydrodynamic Size Zeta-Potential
(d.nm)
(mV)
S.CuO
554.3 ± 27.4
-34.1 ± 3.0
P.CuO
716.7 ± 33.0
-14.4 ± 2.3
F.CuO
226.1 ± 1.3
-39.4 ± 0.8

pH
7.8 ± 0.02
7.4 ± 0.03
7.0 ± 0.01

2.3.2 Plant Production
After harvest, it was determined that the CuO (purchased, synthesized, and functionalized)
and CuSO4 treatments had no effect on the agronomical parameters shown in Table 3 including
the root weight and length, shoot length and weight, leaf weight, and total tomato production (p >
0.05).
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Table 2.3 Tomato plant agronomical parameters in the presence of CuSO4 (I), synthesized
pristine CuO (S), purchased pristine CuO (P), and CA functionalized CuO (F) at either 50 or
500 mg/kg; n = 5.
Treatment

Root
Weight
(g)
34 ± 6.6 a

Shoot
Length
(cm)
210 ± 15.2 a

Shoot
Weight (g)

Leaf
Weight (g)

Control

Root
Length
(cm)
51 ± 4.4 a

307 ± 39.8 a

169 ± 21.6 a 80 ± 40.6 a

I.50

44 ± 6.1 a 30 ± 5.2 a

202 ± 17.4 a

274 ± 19.2 a

127 ± 25.4 a 109 ± 33.1 a

I.500

52 ± 2.1 a 35 ± 4.8 a

225 ± 11.5 a

320 ± 46.7 a

159 ± 24.0 a 74 ± 24.0 a

S.50

47 ± 4.2 a 34 ± 5.9 a

221 ± 15.2 a

305 ± 65.3 a

168 ± 48.8 a 76 ± 26.2 a

S.500

45 ± 3.4 a 35 ± 5.8 a

219 ± 11.2 a

327 ± 32.5 a

166 ± 8.4 a

P.50

50 ± 7.8 a 34 ± 6.0 a

218 ± 12.6 a

275 ± 39.5 a

123 ± 17.0 a 81 ± 7.0 a

P.500

47 ± 7.1 a 29 ± 4.2 a

220 ± 11.4 a

304 ± 15.3 a

134 ± 14.0 a 72 ± 17.2 a

F.50

47 ± 8.3 a 39 ± 5.7 a

203 ± 20.3 a

287 ± 62.5 a

135 ± 43.9 a 88 ± 20.7 a

F.500

45 ± 5.2 a 33 ± 8.6 a

217 ± 12.0 a

269 ± 28.6 a

124 ± 27.2 a 77 ± 18.9 a

p-value

0.31

0.15

0.30

0.05

0.29

Total
Tomatoes

95 ± 30.1 a

0.40

Similar to this study, Adisa et al. found no effects on the shoot weight from the exposure of 50 or
250 ppm of CeO2 NPs either via soil or foliar application[48]. Additionally, the soil and foliar
exposure of CeO2 on the tomato plant growth did not alter the total weight of the fruit; however,
there was an increase in number of fruits produced by the exposure of 250 mg/L of CeO2 via foliar
application[68]. Moreover, soil application of TiO2 had no significant effects on the root length of
tomato plants; however the foliar application of TiO2 decreased the root length[49]. On the other
hand, the foliar application of ZnO increased the root length up to concentrations of 250 mg/L
while higher concentrations inhibited the root growth[49]. Moreover, the tomato plants exposed
to TiO2 and ZnO not only produced more fruit, but the fruit was relatively larger compared to the
control[49]. The results from the current study and previous studies suggest that soil exposure of
NPs may exert less of an effect compared to foliar exposure[48,49]. Lastly, the variable results
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indicate that the effects of NPs on plants are plant species, environment, duration of plant growth,
NP type, and concentration-dependent.
2.3.3 Micronutrient Profile
Copper and iron are important micronutrients for plant growth and development. They are
used in various plant processes, including defense responses, cellular respiration, and
photosynthesis[69]. Copper is present in Cu superoxide dismutase (SOD) in the chloroplasts which
scavenges reactive oxygen species (ROS)[70]. Similarly, iron is present in the chloroplast as part
of Fe-SOD, aiding in converting ROS into hydrogen peroxide[69].
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Figure 2.4 Copper concentration in the (A) roots, (B) shoots, (C) leaves, and (D) fruit in the
presence of CuSO4 (I), synthesized pristine CuO (S), purchased pristine CuO (P), and CA
functionalized CuO (F) at either 50 or 500 mg/kg; n=, p-value < 0.05, and statistical difference
between treatment and control is shown by *.
Figure 2.4 shows the Cu concentration in the shoots, leaves, and fruits from the mature tomato
plants either untreated or treated with all the various Cu treatments. It was determined that the
addition of all Cu treatment at 500 mg/kg increased the Cu content in the shoots. For instance, the
Cu content in the shoots increased from 1.38 mg/kg (control) to 5.70, 5.16, 4.42, and 5.51 mg/kg
with the addition of CuSO4, S.CuO, P.CuO, and F.CuO, respectively. While for the leaves, the Cu
content increased by the addition of all the treatments except P.CuO and F.CuO at 50 mg/kg. In
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the leaves, the maximum Cu content was observed by the S.CuO treatment at 500 mg/kg with a
332% increase while the lowest increase of the Cu content was observed by CuSO4 at 50 mg/kg
with a 95.5% increase. Similar effect was seen with the fruit where accumulation of Cu content
was observed by all Cu treatments. For instance, the S.CuO at 500 mg/kg increased the Cu by
138% while the CuSO4 at 50 mg/kg only increased the Cu by 71.4%. Lopez-Vargas et al. found
that foliar application Cu NPs (50, 125, 250, and 500 mg/L) did not cause an accumulation of Cu
in tomato fruits indicating that the NPs did not translocate to the fruit[29]. The main differences
between the current study and the study conducted by Lopez-Vargas et al. were the form of Cu
used, application route, and tomato species[29]. The different results may be attributed to one or a
combination of the variables between the two studies. For instance, in the current study, the NPs
were applied via soil application while Lopez-Vargas et al. exposed the tomato plants via foliar
application. The different exposure mode might lead to different nano-plant interactions, thus,
triggering specific plant responses, which were reported in the studies.
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Figure 2.5 Iron concentration in the (A) roots, (B) shoots, (C) leaves, and (D) fruit in the
presence of CuSO4 (I), synthesized pristine CuO (S), purchased pristine CuO (P), and CA
functionalized CuO (F) at either 50 or 500 mg/kg; n=5, p-value < 0.05, and statistical difference
between treatment and control is shown by *.
The effects of the Cu treatments on the plant tissue are shown in Figure 2.5. F.CuO
decreased the Fe concentration in the roots by 55.7% and 60.8% with the application of 50 mg/kg
and 500 mg/kg, respectively. The Fe content in the aerial tissues (shoots and leaves) and fruit also
decreased with several treatments. The only exception was with 50 mg/kg S.CuO which increased
the Fe content in the leaves by 5.0%. Interestingly, the addition of CeO2 NPs on Roma tomato
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plants did not alter the Fe content within the roots; however, its ionic counterpart, cerium acetate
(CeAc), increased the Fe by 73.6%, compared to the control[47]. In the fruit, Fe decreased by
78.24% in the presence of CeO2 NPs at 500 mg/kg while the CeAc at 125 mg/kg caused an increase
in Fe by 87.43% [71]. Due to the increase in Cu content in the tissues, it may be probable that Cu
inhibited the uptake of Fe since it has been suggested that Cu and Fe share the same pathways
indicating that both ions may compete for the same active sites[72].
2.3.4 Macronutrient Profile
The macronutrient regulation is shown on Table 2.4 for S, Ca, and Mg. In the roots, a
majority of the macronutrients were not affected by the presence of Cu treatments such as K, Mg,
P, and Ca. However, the sulfur concentration in the roots decreased when the plants were treated
with 50 mg/kg of CuSO4 and with both concentrations of P.CuO and F.CuO. While the
macronutrients in the shoots, leaves, and fruit were only affected by the F.CuO treatment at 500
mg/kg. For instance, in the shoots, F.CuO decreased the Ca content by 26.3%. A similar effect was
observed in the fruit; however, the Ca content was decreased by 23.7%. The only macronutrient
affected in the leaves was Mg, which was reduced 13.1% by F.CuO at 500 mg/kg, compared to
the control. There were other small differences within each tissue, but they were not statistically
significant (p ≥ 0.076) compared to the controls.
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Table 2.4 Effects of CuSO4 (I), synthesized pristine CuO (S), purchased pristine CuO (P), and
CA functionalized CuO (F) at either 50 or 500 mg/kg on the macronutrient profile in the roots,
shoots, leaves, and fruit. Results are given in mg/kg; n = 5, statistical difference is denoted by *.

Treatment
Control
I.50
I.500
S.50
S.500
P.50
P.500
F.50
F.500

Roots
Sulfur
6812 ± 320
4085 ± 335*
7102 ± 1173
5847 ± 1681
6726 ± 1111
4255 ±1063*
4741 ± 901*
4026 ± 582*
3391 ± 689*

Shoots
Calcium
12450 ± 1905
11636 ± 1338
12242 ± 973
11715 ± 2921
12142 ± 1207
12367 ± 775
13197 ± 1130
10473 ± 1322
9181 ± 1204*

Fruit
Calcium
1230 ± 190
1122 ± 85
1272 ± 91
1210 ± 115
1091 ± 160
1098 ± 105
1151 ± 170
964 ± 110
938 ± 77*

Leaves
Magnesium
7730 ± 456
7987 ± 199
7225 ± 438
8012 ± 577
7717 ± 493
6902 ± 542
7773 ± 296
8046 ± 558
8740 ± 455*

It was determined that Cu NPs increased the K concentration in tomato fruit but decreased the Na
concentration[29]. Other studies have shown similar results, such as Barrios et al. who found that
bCeO2 decreased the Ca content in the stems of Roma tomatoes and increased the Ca in the fruit
by 266.7%, while decreasing the Mg content by 59.8% in the tomato fruit[47,71]. Additionally,
the nano-CeO2 caused a decrease in Ca by 59.3% compared to the control[71]. The similarities
between the current study and previous studies corroborate that the introduction of NPs causes
redistribution of macronutrients throughout the various tissues in tomato plants, due to the
potential competition between the macronutrients and the NPs[73,74].
2.3.5 Sugar and Starch Quantification
Carbohydrates represent an irreplaceable source of energy in plants. Additionally, they act
as carbon skeletons for various organic compounds[75]. The main carbohydrates that are important
for fruit’s nutritional quality include sugar, starch, and fiber[76]. The starch and sugar content in
the fruit can be seen in Figure 2.6.
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Figure 2.6 Carbohydrate profile of tomato fruit after treatment with either CuSO4 (I),
synthesized pristine CuO (S), purchased pristine CuO (P), and CA functionalized CuO (F) at
either 50 or 500 mg/kg n=5, total sugar p-value > 0.05, starch p-value < 0.05, and statistical
difference between treatment and control is shown by *.
From Figure 2.6 the treatments caused no significant effect on the sugar content of the fruit.
However, there was a small decrease with the addition of CuSO4 at 500 mg/kg, though not
statistically significant. On the other hand, P.CuO and F.CuO treatments caused a decrease in
starch content. The starch content decrease ranged from 61.5% to 72.5%, when compared to the
control. Between both treatments, the F.CuO affected the starch the most. Barrios et al. showed
that Roma tomato fruit sugar content decreased in the presence of CeO2-CA NPs; however, the
bare CeO2 NPs did not affect the sugar content[71]. Similarly, CeO2-CA at 125 mg/kg also
decreased the starch content in the fruit[71]. Adisa et al. also showed that soil applications of CeO2
NPs decreased the total sugar content by 63% and 54% in the presence of 50 and 250 mg/kg,
respectively[68]. Similarly, the foliar application at 50 and 250 mg/L of CeO2 also decreased the
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total sugar content by 50% [68]. The similarities in results between the current study and the study
conducted by Barrios et al. indicate that the NPs when functionalized with citric acid cause an
antagonistic effect in the plants and may inhibit production of carbohydrates. Moreover, based on
the similarities between the current study and previous studies, the introduction of NPs to tomato
plants regardless of exposure route may negatively impact carbohydrate content in tomato fruit.
2.3.6 Chlorophyll Content
Chlorophyll is found in the chloroplasts in plants and is responsible for absorbing light
which is then used in the photosynthetic process[77]. Therefore, the chlorophyll content was
measured in this experiment. The chlorophyll content in the leaves of the tomato plants on days
65, 93 and 120 post-germination can be seen in Figure 2.7.
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Figure 2.7 Chlorophyll content of tomato plants at days 65, 93, and 120 after treatment with
either CuSO4 (I), synthesized pristine CuO (S), purchased pristine CuO (P), and CA
functionalized CuO (F) at either 50 or 500 mg/kg; n=5 and p-value > 0.05.
As shown, the chlorophyll content of the plants increased from day 60 to day 90. However, by day
120, there was a decrease in chlorophyll content. Nevertheless, the treatments had no effect on the
chlorophyll content and did not statistically change compared to the control within each respective
day (p ≥ 0.078). Similar results were found by Barrios et al. in which the addition of bare CeO2
NPs, CeO2-CA NPs, and CA had no negative effect on the chlorophyll production; however, in
the presence of bulk CeO2, the chlorophyll production depended on the concentration applied[47].
For instance, at 62.5 mg/kg the chlorophyll was drastically reduced but at 250 and 500 mg/kg
bCeO2, the chlorophyll production was increased compared to the controls[47]. Similarly, the
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chlorophyll content of Bonny Best tomatoes at week 5 and week 18 was not affected by soil
application of CeO2 NPs and CeAc[48]. However, foliar application of 250 mg/L CeO2 NPs
slightly increased the chlorophyll content while the rest of the treatments had no effect[48]. The
chlorophyll content in tomato plants in the presence of CuO in hydroponic and soil media showed
variable results. For instance, in hydroponics, the chlorophyll content showed no statistical
difference with respect to the control[78]. However, in soil media, the chlorophyll content
generally increased with concentration of CuO NPs[78]. The chlorophyll content affects the
formation of ATP in the chloroplasts and may be used to determine the performance of the plant.
The increase in chlorophyll content observed in several studies may be indicative higher
photosynthetic capacity in the plant leaves. However, the current study, Barrios et al., and Adisa
et al. grew the tomato plants for 120, 210, and 126 days, respectively, and the chlorophyll content
was unaffected[47,48]. While Ahmed et al. showed increased chlorophyll content in tomatoes
grown for 40 days soil media[78]. Therefore, it can be inferred that the effects of the NPs may be
attributed to the duration of exposure, exposure application, and the concentration of the NPs.
2.3.7 Bioactive Compounds
The total soluble protein (TSP) content of the tomato roots and fruits is shown in Figure
2.8. In the roots, the addition of the CuO compounds at high concentrations increased the TSP
concentrations. Interestingly, the F.CuO at 50 mg/kg also increased the protein content to the same
extent as that of the F.CuO at 500 mg/kg indicating that lower concentrations of F.CuO are required
to achieve the same results. This may imply that citric acid increases biocompatibility. However,
in the fruit, the TSP concentration was unaffected by any of the treatments (p ≥ 0.09). An increase
in TSP concentration can be indicative of increased production of stress-related proteins via de
novo synthesis for cell protection[79]. While a decrease in TSP can be attributed to the breakdown
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of existing proteins and a decrease in de novo synthesis[80]. Therefore, it is probable that the CuOtreated plants experienced an increase in stress due to the increase in TSP content in the roots.
Lopez-Vargas et al. determined that Cu NPs positively affected the total protein content in tomato
fruit; however, as the concentration of the Cu NPs increased the total protein content decreased
consistently[29]. Similarly, Ahmed et al. found that CuO 20-200 mg/L in both hydroponic and soil
studies increased the TSP concentration slightly, while 2000 mg/L inhibited protein synthesis or
induced protein degradation[78]. Based on the results between the current study and previous
studies, it may be inferred that Cu based NPs may induce stress during plant growth.

Root
Fruit

Total Proteins (mg/g Dry Weight)

20

*

*
*

15

*

10

5

F.
50
F.
50
0

P.
50
P.
50
0

S.
50
S.
50
0

I.5
00

I.5
0

C

trl

0

Treatment
Figure 2.8 Total soluble protein concentration in tomato roots and fruit after treatment with
either CuSO4 (I), synthesized pristine CuO (S), purchased pristine CuO (P), and CA
functionalized CuO (F) at either 50 or 500 mg/kg; n=5 and p-value > 0.05.
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The total phenolic compounds are non-enzymatic antioxidants (plant’s natural defense
toward stress), which cause the production of several secondary metabolites such as flavonoids via
the shikimic acid pathway under abiotic stressor conditions[81]. Copper is known to play an
important role in phenolic compound synthesis via the shikimic acid pathway[82,83]. Moreover,
the total phenolic compounds and flavonoid content are shown in Figure 2.9.

Figure 2.9 Effects of CuSO4 (I), synthesized pristine CuO (S), purchased pristine CuO (P), and
CA functionalized CuO (F) at either 50 or 500 mg/kg on the (A) total phenol concentration and
(B) flavonoid concentration in tomato fruits; n=5 and both showed a p-value > 0.05.
A similar behavior to the total proteins was observed in which there was no effect from the copper
materials on either the total phenolic compounds or the flavonoids content. The low concentrations
of CuSO4, S.CuO, P.CuO, and F.CuO appeared to slightly increase the flavonoid content however
it was not statistically significant (p ≥ 0.300). However, at the concentrations tested, the copper
treatments did not cause any effects on the production of total phenols (p ≥ 0.090). Both
Hernandez-Fuentes et al. and Lopez-Vargas et al. found that the total phenol content in the tomato
fruit increased by 5.43% when treated with 250 mg/L of Cu NPs[29,44]. Moreover, it was
determined that at 50 and 500 mg/L of Cu NPs, the total phenol concentration was statistically the
same as the controls[29]. Additionally, it was found that Cu NPs from 50 – 500 mg/L increased
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the flavonoid content in tomato fruits[29,44]. Abbasifar et al. found that combining 4000 ppm Zn
NPs + 2000 ppm Cu NPs significantly increased the total phenols and flavonoid content by
approximately 25% and 56%, respectively[82]. Based on the results from the current study and
previous reported results, CuO NPs have less of an effect on the phenolic compounds and
flavonoids compared to Cu NPs. It may also be inferred that the Cu NPs have a higher
bioavailability and may impart greater effects in tomato plants.
Lycopene is a main carotenoid and antioxidant in tomato fruits with high capacity for ROS
elimination, in specific, in comparison with other natural carotenoids, it is highly efficient in
neutralizing singlet oxygen species[84,85]. Moreover, it gives tomatoes their red pigment
indicating when the tomatoes have ripened. The effects of the various Cu treatments on the
lycopene content in the fruit are shown in Figure 2.10.
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Figure 2.10 Effects of CuSO4 (I), synthesized pristine CuO (S), purchased pristine CuO (P), and
CA functionalized CuO (F) at either 50 or 500 mg/kg on the lycopene concentration in tomato
fruits; n=5, p-value < 0.05, and statistical difference between treatment and control is shown by
*.
The lycopene content was unaffected by the CuO treatments, but it increased from 5.0 to 11.7
mg/kg of fresh weight when the plants were treated with CuSO4 at 50 mg/kg. The increase in
lycopene content by CuSO4 could be attributed as a response to oxidative stress. Previous studies
have shown that bare Cu NPs and Cu-chitosan hydrogel NPs increase the lycopene content in
tomato fruits, while CeO2 NPs tend to decrease the lycopene concentration[29,44,68,71]. Thus,
further corroborating that Cu NPs may be more bioavailable and cause greater effects in tomatoes
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compared to CuO NPs. Additionally, the responses between the current study and previous results
indicate that the effects of NPs in tomato plants varies between different NPs.
2.4 Conclusions
Overall, it was determined that any of the CuO treatments, at the concentrations tested, did
not affect the agronomical parameters of the plant growth, fruit production, and bioactive
compound in the tomato fruits. However, the starch content in the fruit decreased when the plants
were treated with F.CuO. There was redistribution of macronutrients and micronutrients in various
tissues to different degrees. Moreover, in the roots, high concentrations of S.CuO and P.CuO
caused an increase in TSP while the similar effects were observed at lower concentrations with
F.CuO, indicating that citric acid functionalization increases biocompatibility of the NPs. It is
important to consider the functionalization and size of the material as well as the concentrations
for application. As different plant species respond differently to nanomaterials exposure, the bioeffect of Cu NPs cannot be generalized either. For example, the current study investigated
Candyland Red tomato plants exposed to coated and pristine CuO, while several bioactive
compounds showed no significant difference among the Cu treated groups and the control,
implying more comprehensive studies are needed in such field. Approaches such as real-time
monitoring and molecular biology analysis might reveal the biological process and help
researchers understand the visual physiological indices.
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CHAPTER 3

TOMATO FRUIT NUTRITIONAL QUALITY IS ALTERED BY THE
FOLIAR APPLICATION OF VARIOUS METAL OXIDE
NANOMATERIALS2

3.1. Introduction
With global population increasing, agricultural production will need to expand by over
60% by the year 2050 in order to sustain global food security [86]. To date, conventional
agrochemicals have been widely used in efforts to achieve food security. However, these
currently used practices suffer from highly inefficient delivery and utilization, resulting in waste
energy and water, as well as compromised output [3]. The need to increase the efficiency of food
production has led to great interest in the use of nanotechnology to improve crop yield by using
nanofertilizers as a strategy for precision agriculture. Nanomaterials have the potential to
enhance agricultural production by promoting plant nutrition as compared to traditional
fertilizers [87,88].
A robust literature has developed that is assessing the potential applications and
implications of various metal-based nanomaterials. For instance, in a study with seedlings, Ye et
al. reported that Mn-nanopriming (nano seed treatment prior to germination) improved root
growth by approximately 33 % and 55 % in both pristine water and brine water, respectively

2
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Nanomaterials. Nanomaterials 2022, 12, 2349. © 2022 by the authors. Licensee MDPI, Basel, Switzerland. All rights
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[56]. Moreover, application of μCuO at 20 mg/kg to soil showed activation of both chlorophyll a
and catalase in sugarcane; all treatments (kocide®, Cu nanoparticles, μCuO, and CuCl2) caused
Cu accumulation (47 – 269 %) in sugarcane root tissues at all concentrations tested (20, 40, and
60 mg/kg) [45]. Imperiale et al. found that the introduction of CdS and ZnS quantum dots at
doses of 10-30 mg in hyperaccumulating plants N. cearulescens and A. halleri caused an increase
in fresh weight and an accumulation of Zn and Cd in the aerial tissues [89].
Tomatoes (Solanum lycopersicum L.) are important global food with production
exceeding over 40 million tons in 2020 [32]. The fruits are processed into various products, such
as tomato sauce, juice, and paste [90]. Moreover, tomatoes are rich in carbohydrates,
phytonutrients, vitamins, and micronutrients. Previous studies have shown variable results from
metal oxide nanomaterial application on tomato plant growth and yield. Raliya et al. applied
TiO2 and ZnO to tomato plants through both foliar and soil exposure and showed an increase not
only in fruit production but also in lycopene by 113 and 80 % at doses of 100 mg/kg of ZnO and
TiO2, respectively [49]. Barrios et al. and Adisa et al. reported similar increases in tomato fruit
yield upon exposure to pristine CeO2 via both soil and foliar applications [47,48]. However,
others have reported decreases in tomato fruit yield upon exposure to nanoscale CeO2 at 1 and 10
ppm [50]. Akanbi-Gada et al. observed an antagonistic effect on bioactive compounds (total
phenols, flavonoids, b-carotene, and lycopene) of tomato fruits when plants were treated with
ZnO at various concentrations (300-1000 mg/kg) by soil application [90]. Yue et al. recently
reported that foliar application of MnFe2O4 to tomato plants promoted early flowering and
increased the overall fruit yield as well as fruit size and weight [32]. Additionally, MnFe2O4
exposure altered the metabolite profile, including increased levels of rutin, quercetin, glucose-6phosphate, salicylic acid, and phenylalanine; thereby, improving fruit quality [32].
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Currently, there is little work investigating the effects of hybrid ferrite materials on
tomato plant growth and fruit quality. Here, hybrid ferrite materials were synthesized via a
coprecipitation/dehydration method and characterized via x-ray diffraction (XRD), scanning
electron microscopy (SEM), transmission electron microscopy (TEM) and dynamic light
scattering (DLS). Tomato (S. lycopersicum) Candyland red variety was chosen as a model plant
to assess the effects of hybrid ferrites (Fe3O4, MnFe2O4, ZnFe2O4, and Zn0.5Mn0.5Fe2O4),
hausmannite (Mn3O4), and ZnO materials on the plant growth and fruit quality. Tomatoes were
exposed to the various materials and ionic counterparts via foliar application and were grown to
full maturity. The chlorophyll content was measured one week after each application and during
the harvest while the plant growth, micronutrient uptake, fruit production, and phytonutrients
were measured post-harvest. This work increases our understanding of the safe and sustainable
use on nanoscale metal oxides in agricultural production.
3.2.0 Methodology
3.2.1 Synthesis of Nanomaterials
The synthesis for the iron and manganese oxide nanomaterials was conducted following
Arteaga-Cardona et al. [91]. A 1 L solution containing a total metal (M+) concentration of 30
mM as titrated at a flow rate of 0.1 mL/min with 90 mL of 1 M NaOH to produce a M+ to OHratio of 1:3. For the zinc oxide, a M+ to OH- ratio of 1:2 was used to form the nanomaterial as
described by Flores et al. [92]. Once the titration was complete, the solution was heated to
boiling for 1 h to produce the oxide form of the nanomaterial. The product was then centrifuged
at 3500 RPM for 5 min at room temperature, washed, and rinsed using ultra-pure water (UPW)
with a resistance of 18.2MΩ. The washing process was repeated 3 times to remove any
impurities and byproducts formed during the reaction. After washing, the products were oven-
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dried at 60°C overnight. The precursor and concentration ratios for each nanomaterial are shown
in Table 3.1.
Table 3.1 Nanomaterial precursor concentrations and source.
Nanomaterial Concentration and Precursor
Fe3O4
10 mM Fe3+ and 20 mM Fe2+
MnFe2O4
10 mM Mn2+ and 20 mM Fe3+
ZnFe2O4
10 mM Zn2+ and 20 mM Fe3+
Zn0.5Mn0.5Fe2O4 5 mM Zn2+, 5 mM Mn2+, and
20 mM Fe3+
Mn3O4
30 mM Mn2+
ZnO
60 mM Zn2+

Precursor Source
FeCl3·6H2O and FeCl2·4H2O
MnCl2·4H2O and FeCl3·6H2O
Zn(NO3)2∙6H2O and FeCl3∙6H2O
Zn(NO3)2∙6H2O, MnCl2∙4H2O, and
FeCl3∙6H2O
MnCl2·4H2O
Zn(NO3)2∙6H2O

3.2.2 Nanomaterial Characterization
All nanomaterials (Fe3O4, MnFe2O4, ZnFe2O4, Zn0.5Mn0.5Fe2O4, Mn3O4, and ZnO) were
analyzed using a Panalytical Empyrean diffractometer following according to Cantu et al. [93].
The diffraction patterns were fitted using literature crystallographic data, the FullProf suite
software, and a Le Bail fitting [53,54,92,94,95].
The nanomaterials were imaged by scanning electron microscopy (SEM) through
secondary electron mode using a Hitachi S-4800 according to Ye et al. [56]. The Fe3O4,
MnFe2O4, ZnO and Mn3O4 NMs were sputter-coated with gold using an SPI Module with 18 mA
current for 40s. Moreover, the NMs were also imaged by transmission electron microscopy
(TEM) using a Hitachi HT7800 with a LaB6 filament, high resolution mode, an accelerating
voltage of 80,000 kV, an emission 5 - 10μA, and vacuum of 6.8x10-5 Pa.
The hydrodynamic size and zeta (ζ)-potential for all nanomaterials were measured using
a Malvern Panalytical Zetasizer Nano ZS90. In short, 250 mg/L NM suspensions were prepared
in UPW and sonicated (Crest Ultrasonics 275DA) for approximately 20 min at room
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temperature. Thereafter, the hydrodynamic size and ζ-potential were measured three times for
each material.
3.2.3 Tomato Plant Cultivation
Candyland red tomato seeds purchased from Harris seeds were sowed in vermiculite.
Three days after sowing, the seeds started to germinate. The seedlings were allowed to grow in
the vermiculite for 14 days prior to transplanting. On day 14, the seedlings were transplanted into
pots filled with MiracleGro® potting mix. Each pot contained 4 four seedlings. After 35 days,
the pots were thinned to one plant that was grown to full maturity. Nanomaterial suspensions and
ionic (Zn, Fe, or Mn) counterparts of 250 mg/L were prepared and applied via foliar application
while keeping the soil covered on days 43 and 78 after transplantation for a total of 80 mL.
Plants were grown for a total of 135 days. At harvest, tomato fruits were sectioned into three
parts: one was stored at -80°C, another was stored at room temperature for 15 d prior to storage
at -80°C, and the last was oven-dried for elemental analysis and carbohydrate quantification.
Moreover, plant tissues including roots, stems, and leaves were separated for biomass
determination and stored for elemental analysis.
3.2.4 Leaf Chlorophyll Content
The chlorophyll content was measured one week after each treatment application and at
harvest using a Minolta SPAD (single photon avalanche diode handheld device) (Minolta
Camera, Japan) in which five leaves were randomly measured from each treatment and replicate
and were then averaged.
3.2.5 Tissue Elemental Analysis
The separated plant tissues were oven-dried for 72 h at 60°C prior to grinding and
homogenizing. Once homogenized, 0.2 g of each replicate and treatment were weighed and
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digested in a digestion block (SCP Science, Quebec, Canada) using 5 mL of plasma pure HNO3
for 45 min at 115°C. Thereafter, 2 mL of 30% hydrogen peroxide were added and the samples
were redigested for an additional 20 min. Following the digestion, the samples were diluted to 25
mL using UPW and were analyzed by inductively coupled plasma optical emission spectroscopy
(ICP-OES) using a PerkinElmer Optima 4300 DV (PerkinElmer, Shelton, CT). In order to
validate the digestion and analytical methods, blanks and standard reference materials were used
(NIST-SRM 1570a and 1547; spinach and peach leaves).
3.2.6 Carbohydrate Extraction and Quantification
The total sugar content in the tomato fruits was determined according to DuBois et al. as
optimized for microplate analysis [57]. In short, 10 mL of 80% ethanol was added to 100 mg of
dried tomato fruit. The samples were placed in a hot water bath at 80°C for 30 min followed by
centrifugation for 20 min at 4,500 RPM. The extract was then transferred into clean 50 mL
conical vials and the extraction was repeated two additional times. The extracts were combined,
evaporated to 3 mL, and diluted to 25 mL with UPW. The sugar extracts were analyzed using a
ThermoFisher Multiskan Skyhigh microplate reader at 490 nm using glucose as a standard.
The fruit starch content was determined according to the optimized method of Verma and
Dubey [58]. In short, the sugar extraction residue was dried in the oven for 24 h at 70°C
followed by homogenization with 2 mL of water. The mixture was placed in a hot water bath at
90°C for 15 min. Thereafter, the samples were allowed to cool to room temperature prior to the
incorporation of 2 mL concentrated H2SO4. The samples were vortexed for 15 min following
centrifugation at 4500 RPMfor 20 min. The supernatant was transferred to a 50 mL conical vial.
The extraction was repeated twice more using 50% H2SO4. The supernatants were combined and
diluted to 50 mL using UPW. The starch content was quantified using ThermoFisher Multiskan
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Skyhigh microplate reader and measuring the absorbance at 490 nm using potato starch to
construct a calibration curve (R2 ≥ 0.98) [57].
3.2.7 Bioactive Compound Assays
Carotenoid analysis was conducted according to Nagata and Yamashita [62]. Pigment
extraction was conducted by homogenizing 1 g of frozen tomato fruit with 10 mL of a 4:6
acetone/hexane solution using a Thermolyne Speci-Mix test tube rocker for 10 min. The
supernatant was then analyzed on a microplate spectrophotometer (Multiskan SkyHigh, Thermo
Fisher Scientific, Cleveland, OH, USA) and absorbance was measured at 543, 505, 645, and 663
nm. Moreover, purchased tomato fruits (Sunset Sweet Bites) were used as a positive control, and
the carotenoid content was calculated using equations 3.1 and 3.2.
𝐿𝑦𝑐𝑜𝑝𝑒𝑛𝑒 (𝑚𝑔/100𝑚𝐿) = −0.0458𝐴663 + 0.204𝐴645 + 0.372𝐴505 − 0.0806𝐴453

Eq. 3.1

𝛽 𝐶𝑎𝑟𝑜𝑡𝑒𝑛𝑒 (𝑚𝑔/100𝑚𝐿) = 0.216𝐴663 − 1.22𝐴645 − 0.304𝐴505 + 0.452𝐴453

Eq. 3.2

Frozen tomato fruits were lyophilized using a Labconco Freezone4.5 at -40°C and 0.293
mbar. Afterwards, the freeze-dried samples were ground and used for total phenolic compounds,
and flavonoids extractions. The total phenolics were extracted and quantified as described by
Singleton et al. [60]. One hundred mg of lyophilized tissue was homogenized with 500 μL of 1:1
acetone/water solvent in a 2 mL Eppendorf tube for 20 min. The samples were then centrifuged
at 12,000 RPM for 10 min and the supernatant was recovered for analysis. For total phenolic
compounds, 8 μL Folin reagent, 200 μL UPW, 20 μL Na2CO3, and 4 μL of extract were
transferred to each well in a microplate and incubated at 45°C for 30 min. Thereafter, the
absorbance was measured via a microplate spectrophotometer (Multiskan SkyHigh, Thermo
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Fisher Scientific, Cleveland, OH, USA) at 750 nm. Gallic acid was used as a standard for the
calibration curve.
For the flavonoid assay, the method of Dow was modified and adapted for a microplate
analysis [61]. Fifty mg of lyophilized tissue was homogenized with 5 mL of methanol (HPCL
grade) for 10 min using a Thermolyne Speci-Mix test tube rocker. The supernatant was then
stored for analysis. In short, 150 μL of 2% AlCl3 methanolic solution and 150 μL extract were
transferred to a microplate and allowed to rest in the dark for 20 min prior to measurement. The
absorbance was then measured at 415 nm using a microplate spectrophotometer (Multiskan
SkyHigh, Thermo Fisher Scientific, Cleveland, OH, USA) with quercetin as a standard for the
calibration curve.
3.2.8 Statistical Analysis
One-way ANOVA and Tukey’s HSD with a test error of P ≤ 0.05 were used to determine
statistical significance of parametric data. For all data that followed nonparametric trends, a
Kruskal-Wallis/Dunn’s test was used. Origin (OriginPro 2021b) and Minitab19 were used for all
statistical analyses.
3.3.0 Results and discussion
3.3.1 Nanomaterial Characterization
The diffraction patterns for the iron oxide materials (Fe3O4, MnFe2O4, ZnFe2O4, and
Zn0.5Mn0.5Fe2O4), Mn3O4, and ZnO are shown in Figure 3.1. The iron oxide materials were found
to have characteristic peaks for magnetite diffracted at 30.16°, 35.52°, 37.16°, 43.17°, 47.27°,
53.56°, and 57.10° in 2θ. These peaks correspond to the (220), (311), (222), (400), (331), (422),
and (511) planes. Moreover, the ZnO was found to be in the wurtzite phase with characteristic
peaks at 31.82° (100), 34.40° (002), and 36.32° (101) in 2θ (the planes are given in parenthesis).
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The Mn3O4 nanomaterial was found to be in the hausmanite phase with the characteristic peaks
occurring at 28.91°, 30.98°, 32.38°, 36.07°, 38.09°, 44.39°, and 50.84° in 2θ corresponding to
the (112), (200), (103), (211) (004), (220), (105) planes.

Figure 3.3.1 Fitted X-ray diffraction pattern for Fe3O4, MnFe2O4, ZnFe2O4, and
Zn0.5Mn0.5Fe2O4, Mn3O4 and ZnO.
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Additionally, the crystallite size for the nanomaterials was calculated using Scherrer’s equation
shown in eq. 3.3 using the three most intense peaks from each diffractogram.
𝑘𝜆

𝐷 = 𝛽 cos 𝜃

Eq. 3.3

Where D, k, λ, β, and θ are the crystallite size, shape factor (0.9), x-ray wavelength, peak’s
FWHM, and Bragg angle, respectively. The calculated crystallite size, lattice parameters, and χ2
can be seen in Table 3.2. Based on the χ2, the Le Bail fittings are in good agreement with
literature data [91,92,94,96].
Table 3.2 Lattice parameters for various nanomaterials and calculated crystallite size.
Material
Fe3O4
MnFe2O4
ZnFe2O4
Zn0.5Mn0.5Fe2O4
Mn3O4
ZnO

Space
Group
FD3M
FD3M
FD3M
FD3M
I41/AMD
P63MC

a

b

c

8.3969
8.5115
8.4479
8.4296
5.7674
3.2524

8.3969
8.5115
8.4479
8.4296
5.7674
3.2524

8.3969
8.5115
8.4479
8.4296
9.4420
3.2524

Lattice
angles
α=β=γ=90
α=β=γ=90
α=β=γ=90
α=β=γ=90
α=β=γ=90
α=β=90,
γ=120

χ2
1.22
1.24
1.37
1.07
1.5
1.87

Crystallite
Size (nm)
15.30 ± 0.85
17.70 ± 3.21
22.68 ± 5.52
24.64 ± 1.28
23.88 ± 1.33
28.82 ± 6.72

Figures 3.2 and 3.3 show the SEM and TEM images for the hybrid ferrite, ZnO, and
Mn3O4 NMs, respectively. Both the SEM and TEM images showed similar particle sizes and
morphologies for the NMs, although the hybrid ferrite materials were more varied in
morphology. For example, Fe3O4 and MnFe2O4 exhibited clustered globular/spherical particles
(Fig. 2A, 2B, 3A, and 3B), while the Zn0.5Mn0.5Fe2O4 (Fig. 2D and 3D), Mn3O4 (Fig. 2E and
3E), and ZnO (Fig. 2F and 3F) were comprised of aggregated platelet particles. The ZnFe2O4
(Fig. 2C and 3C) nanomaterial consists of pyramidal and irregular particles. The Fe3O4,
MnFe2O4, ZnFe2O4, Zn0.5Mn0.5Fe2O4, Mn3O4, and ZnO had approximate particle sizes of 30, 25,
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30, 40, 50, 35 nm, respectively. There were some variations in particle sizes, which can be
attributed to the lack of use of surfactants and capping agents during synthesis.

A

B

C

D

E

F

Figure 3.2 SEM Images of (A) Fe3O4, (B) MnFe2O4, (C) ZnFe2O4, (D) Zn0.5Mn0.5Fe2O4, (E)
Mn3O4, and (F) ZnO.
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D
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F

Figure 3.3 TEM Images of (A) Fe3O4, (B) MnFe2O4, (C) ZnFe2O4, (D) Zn0.5Mn0.5Fe2O4, (E)
Mn3O4, and (F) ZnO.
The hydrodynamic size and zeta-potential was determined for all nanomaterials and are
shown in Table 3.3. The Fe3O4 and Mn3O4 exhibited a lower magnitude zeta-potential at +5.1
and -7.5 mV, respectively. Moreover, these two nanomaterials were highly aggregated in
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solution, having hydrodynamic sizes of 554.7 and 651 nm for Fe3O4 and Mn3O4, respectively.
The other nanomaterials exhibited greater zeta potentials and smaller hydrodynamic sizes,
indicating more stability and dispersion in solution.
Table 3.3 Hydrodynamic size and zeta potential for all nanomaterials.
Material
Fe3O4
MnFe2O4
ZnFe2O4
Zn0.5Mn0.5Fe2O4
Mn3O4
ZnO

Hydrodynamic Size
(d.nm)
554.7 ± 17.28
433.5 ± 4.16
160.3 ± 3.79
230.9 ± 2.34
651.3 ± 14.02
358.0 ± 3.65

Zeta-potential
(mV)
+5.1 ± 0.2
+23.9 ± 0.7
-29.3 ± 1.0
-38.2 ± 3.8
-7.5 ± 0.8
-16.7 ± 1.6

pH
6.21
4.83
9.73
8.75
6.47
9.69

3.3.2 Plant Production
There were no differences of statistical significance between the control and the
treatments in growth endpoints (root length, root weight, stem length, stem weight, and leaf
weight) and fruit production (p > 0.5) (Table 3.4). Several studies involving the exposure of
metal oxide nanomaterials on tomato plants have shown similar non-significant effects. Cantu et
al. found that there was no net effect on the agronomical parameters when tomato plants were
exposed to CuO NPs and grown to full maturity (120 days) [93]. Adisa et al. and Barrios et al.
also showed that soil or foliar application of CeO2 NPs on tomato did not alter plant growth at
concentrations below 250 mg/kg and 250 mg/L when grown for 126 and 210 days, respectively
[47,48]. Conversely, Raliya et al. found that exposure via foliar application of TiO2 on tomato
plants cherry super sweet 100 variety decreased root length while ZnO increased the root length
when exposed to concentrations up to 250 mg/L higher concentrations inhibited root growth
[49]. Moreover, Velasco et al. found that exposing tomato to either hexagonal ZnO or
maltodextrin coated ZnO at 1500 ppm via both a soil drench method and foliar application
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increased both the plant height and leaf weight [9]. In a study with seedlings, Lopez-Moreno et
al. exposed tomato seedlings to CoFe2O4 NMs at various concentrations (62.5-1000 mg/L) and
found a concentration-dependent increase in root length and decrease in stem length [97]. The
variation in results may be attributed to species differences or to differences in experimental
design and dosing regimen. For instance, Velasco et al. observed improvement in plant
physiological responses at higher concentrations of ZnO [9]. Moreover, it is likely that as the
duration of the tomato plant growth is extended, low concentrations of NMs will exert less of an
effect on the physiological parameters; however, extensive studies are required to confirm this
hypothesis.
Table 3.4 Tomato plant physiological parameters and fruit production after exposure to either
Fe3O4 (Fe), MnFe2O4 (MnFe), ZnFe2O4 (ZnFe), Zn0.5Mn0.5Fe2O4 (ZnMnFe), Mn3O4 (Mn), ZnO
(Zn) or their ionic counterparts; n=4.
Treatment

Root Length Root
Stem Length Leaf
Total
(cm)
Weight (g) (cm)
Weight (g) Fruits
Ctrl
56.0 ± 3.0
75.0 ± 31.
241.2 ± 26.7
172.5 ± 38.7 25.0 ± 11.2
Fe
60.6 ± 13.4
76.3 ± 41.1 230.3 ± 32.4
180.8 ± 39.4 26.5 ± 15.6
MnFe
59.0 ± 10.4
90.5 ± 17.9 216.25 ± 21.8 197.5 ± 32.4 26.7 ± 12.3
ZnFe
57.9 ± 4.2
46.8 ± 20.6 258.0 ± 23.4
171.5 ± 35.5 21.8 ± 9.0
ZnMnFe
68.0 ± 10.4
76.6 ± 16.1 256.0 ± 9.0
183.0 ± 15.8 30.8 ± 9.03
3+
Fe
61.9 ± 9.2
96.8 ± 24.6 213.8 ± 26.0
200.0 ± 12.4 39.8 ± 17.7
Mn
59.0 ± 8.4
78.2 ± 12.7 262.5 ± 19.2
178.8 ± 26.4 22.3 ± 9.7
2+
Mn
54.9 ± 14.8
93.0 ± 11.4 227.3 ± 5.4
164.8 ± 30.8 29.3 ± 5.0
Zn
60.6 ± 10.6
96.8 ± 10.0 249.8 ± 17.2
196.8 ± 34.8 43.8 ± 7.0
2+
Zn
59.5 ± 3.3
97.4 ± 9.9
229.8 ± 27.0
192.5 ± 18.9 41.8 ± 12.7
p-value
0.824
0.108
0.06
0.733
0.065
No statistical difference between treatments and control throughout different plant tissues

Overall Fruit
Weight (g)
42.4 ± 17.1
39.5 ± 22.3
36.2 ± 22.1
31.6 ± 11.5
44.1 ± 3.3
52.5 ± 21.8
28.4 ± 13.3
41.9 ± 6.0
64.8 ± 12.3
55.3 ± 20.4
0.106

3.3.3 Micronutrient Analysis
Micronutrients are essential elements required in small concentrations for proper growth
and development. They are used in several processes such as photosynthesis, cellular respiration,
and various defense responses[69]. For instance, iron is present in several organelles including
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the chloroplasts, mitochondria and vacuoles[98,99]. It aids in chlorophyll biosynthesis,
photosynthesis, cellular respiration, lipid metabolism, and tricarboxylic acid cycle (TCA)[2,100].
Similarly, manganese aids in several metabolic processes, stress tolerance, and in the
photosynthetic process[101]. It is involved in activation of several enzymes and production of
various metabolites including Mn-SOD, Mn-CAT, chlorophyll, flavonoids, and lignin[101–103].
Zinc participates in the carbohydrate, protein, and pollen production, activation of photosynthetic
metabolism, and oxidative stress protection[2,104]. Cu plays a role in ROS mitigation,
photosynthesis, phenol metabolism, and protein synthesis[2,70]. As shown in Figure 3.4, the
majority of treatment effects in micronutrient concentrations were observed in the leaves. For
instance, ZnFe2O4 increased the Cu, Fe, and Zn concentrations in the leaf tissues by 71.2, 68.6,
and 138 %, respectively. Similarly, Zn0.5Mn0.5Fe2O4 caused an increase in Fe and Zn by 81.6 and
90.9 % in the leaves. A similar effect was observed for the Mn3O4 treatment, where Cu and Fe
was increased, while Fe3O4 increased only the Fe content. Interestingly, ZnFe2O4 also increased
the Cu concentration in the fruit. Previous studies involving metal oxide NMs have shown a wide
range of impacts. For instance, Lopez-Vargas et al. observed that foliar exposure to Cu NPs at
various concentrations did not cause an increase in Cu content in the fruits [29]. Similarly, Adisa
et al. found that foliar application of CeO2 NMs did not cause accumulation or translocation of
micronutrients across the various tissues in tomato plants [48]. Conversely, Raliya et al. found
that there was an accumulation of Zn in the leaves of tomato plants exposed to ZnO via foliar
application [49]. The accumulation of the Fe, Mn, and Zn in the leaves may be due to the
nanomaterials uptake the plant via various leaf apertures (stomata, trichomes, and hydathodes)
when applied foliarly [105]. The regulation of micronutrients occurs through different transport
pathways which migrate the nutrients to the different areas needed. Ghasemi et al. found that
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certain nutrients may cause sensitivity towards other micro-elements and cause accumulation in
various tissues[106]. This may explain the accumulation of Cu in the leaves and fruit when
plants were exposed to ZnFe2O4.
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Figure 3.4 Effects of the Fe3O4 (Fe), MnFe2O4 (MnFe), ZnFe2O4 (ZnFe), Zn0.5Mn0.5Fe2O4
(ZnMnFe), Mn3O4 (Mn), ZnO (Zn) or their ionic counterparts on the (A) Cu content, (B) Fe
content, (C) Zn content, and (D) Mn content in the leaves and fruit; n=4; * denotes statistical
difference between control and treatments.
3.3.4 Leaves Chlorophyll Production
The chlorophyll content in the tomato plants was measured one week after each
application and at harvest (Figure 3.5). There was an increase in chlorophyll one week after the
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first treatment of the iron NMs (Fe3O4, MnFe2O4, ZnFe2O4, and Zn0.5Mn0.5Fe2O4); however,
Fe3+, ZnO, Mn3O4, Zn2+, and Mn2+ were statistically equivalent to the controls. Moreover, after
the 2nd treatment and at harvest, there were no significant differences between the treatments and
the controls. Similar findings were reported by Cantu et al., Adisa et al., and Barrios et al., where
the nano-treatments had no effect on the chlorophyll content of Candyland red tomatoes (CuO
and CuO-CA), Heirloom tomatoes (CeO2), and Roma tomatoes (CeO2 and CeO2-CA), at the end
of the life cycle [47,48,93]. However, when tomato was exposed to CuO and Al2O3 NMs in the
soil for 40 days, increased chlorophyll content was reported [78]. Moreover, Yue et al. noted that
there was an increase in photosynthetic rate and in both chlorophyll a and chlorophyll b in
tomato seedlings and 40 day old tomato plantlets, respectively [32]. The variability between the
current study and previous studies may be attributed to a complex interplay of NM type,
concentration, plant species, growth cycle duration. Interestingly, in longer growth cycles, there
seems to be less of an effect from NM exposure on tomato plant physiological parameters.
However, further comprehensive investigation at the molecular and genomic level is required
identify the plant-NM interactions.
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Figure 3.5 Chlorophyll content of tomato plant leaves after exposure to either Fe3O4 (Fe),
MnFe2O4 (MnFe), ZnFe2O4 (ZnFe), Zn0.5Mn0.5Fe2O4 (ZnMnFe), Mn3O4 (Mn), ZnO (Zn) or their
ionic counterparts at 64, 99, and 135 days of growth; n=4; * denotes statistical difference
between control and treatments.
3.3.5 Carbohydrate Quantification
There are three main carbohydrates and energy sources within fruits and vegetables are
sugar, starch, and fiber. As shown in Figure 3.6, the iron treatments had no net effect in the sugar
content. However, the Mn3O4 and ZnO NMs, as well as their ionic counterparts, increased the
sugar concentration by over 100% compared to controls. For starch, there were no statistical
differences between the control and the various treatments. Previous studies have shown variable
results when tomato plants are exposed to metal oxide NMs. For instance, when tomato plants
were exposed to MnFe2O4 NMs, there was an increase in the sucrose and fructose precursor
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G6P, indicating that the NMs caused an increase in sugar content [32]. Barrios et al. and Adisa et
al. found antagonist effects on sugar content from tomato fruits exposed to CeO2 NMs and CeO2CA functionalized NMs [68,71]. Moreover, soil application of CuO-CA functionalized NMs
decreased starch concentration in tomato fruit [93]. Sugars such as sucrose are important to
stress-related responses [107]; for instance, Zhao et al. found that upregulation of sucrose
production in cucumbers treated with CeO2 NMs may occur as a sign of stress [108]. The current
findings of an increase in sugar content from Mn3O4 and ZnO exposure that may be occurring as
a response to stressors; further studies are needed to explore this question.
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Figure 3.6 Tomato fruit carbohydrate profile after plant exposure to either Fe3O4 (Fe), MnFe2O4
(MnFe), ZnFe2O4 (ZnFe), Zn0.5Mn0.5Fe2O4 (ZnMnFe), Mn3O4 (Mn), ZnO (Zn) or their ionic
counterparts; n=4; * denotes statistical difference between control and treatments.
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3.3.6 Bioactive Compounds Quantification
In general, the lycopene and β-carotene increased upon 15-day storage at room
temperature as shown in Figure 3.7, which can be attributed to further ripening of the tomato
fruits. However, the lycopene content in the 0 day stored fruits from MnFe2O4, ZnFe2O4, and
Zn0.5Mn0.5Fe2O4 treated plants was reduced relative to controls. However, by 15 days the
differences as a function of treatment had disappeared. There were trends for decreased content
in the various iron treatments, although the differences were not statistically significant. The βcarotene increased upon storage time (Figure 7B) but again, at day 0 of storage, Zn0.5Mn0.5Fe2O4,
Mn3O4, Mn2+, ZnO, and Zn2+ treatment values were significantly lower than the controls. In this
instance, the negative effects of Mn3O4, Mn2+, ZnO, and Zn2+ were still evident in the reduced
production of β-carotene throughout storage. Several previous studies have shown opposite
effects from metal-based NM exposure. For instance, copper nanomaterials caused an increase in
fruit lycopene concentrations in several reports [29,44,109]. Similar behavior was observed from
foliar exposure of TiO2 and ZnO at various concentrations of 0-100 mg/kg and from both foliar
and soil exposure of CeO2 NMs [49,68,71]. The primary carotenoid in tomato fruits is lycopene;
this important biomolecule acts as an antioxidant and aids in the elimination of ROS [84,85].
Through the carotenoid biosynthesis pathway, lycopene may be converted to β-carotene or δcarotene via lycopene beta-cyclase (β-LCY) or lycopene epsilon cyclase (ε-LCY), respectively
[110]. Once converted into β-carotene, it may be further converted into xanthophylls such as
zeaxanthin, antheraxanthin, violaxanthin, neoxanthin, and abscisic acid [111]. Moreover, βcarotene is a precursor of vitamin A, therefore, a decrease in β-carotene can have significant
negative effects [112]. Vitamin A deficiency (VAD) is a health concern, particularly in
developing countries [110]. The results from this study indicate that MnFe2O4, ZnFe2O4, and
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Zn0.5Mn0.5Fe2O4 inhibited the production of lycopene at the precursor stage, whereas,
Zn0.5Mn0.5Fe2O4, Mn3O4, MnCl2, ZnO, and Zn(NO3)2 inhibited the production of β-carotene.
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Figure 3.7 Effects of Fe3O4 (Fe), MnFe2O4 (MnFe), ZnFe2O4 (ZnFe), Zn0.5Mn0.5Fe2O4
(ZnMnFe), Mn3O4 (Mn), ZnO (Zn) and their ionic counterparts on the (A) lycopene and (B) βcarotene concentrations at 0 and 15 stored days; n=4; * denotes statistical difference between
control and treatments.
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As shown in Figure 3.8, between 0 and 15 storage days there was a decrease in total
phenolic compounds. Comparing the treatments and the control at zero days stored, no
differences of statistical significance were evident. Upon storage, the total phenolic compounds
in the control decreased by 41%; however, this decrease was mitigated in the ZnFe2O4,
Zn0.5Mn0.5Fe2O4, ZnO, FeCl3, MnCl2, and Zn(NO3)2 treatments and increased the total phenolic
compounds by over 50% compared to the 15-day stored control. Similar effects were observed in
other studies with plants exposed to different metal nanomaterials. For instance, when a mixture
of 4000 mg/L Zn and 2000 mg/L Cu NPs were introduced foliarly to basil plants, the total
phenolic compounds were increased by approximately 25% [82]. Similarly, Hernandez-Fuentes
et al. found an increase in total phenolic compounds in tomato plants exposed to Cu NPs with
prolonged storage time [44]. Lopez-Vargas et al. also observed a slight increase in total phenolic
compounds in tomato when treated with 250 mg/L Cu NPs [29]. However, Akanbi-Gada et al.
found an antagonist and concentration (300-1000 mg/kg) dependent effect between total
phenolic compounds and ZnO nanomaterials in exposed fruit [90]. The flavonoid content is
shown in Figure 3.9. The flavonoids of the control at zero days stored were approximately 8.7
mg/kg; the treatments were statistically equivalent to this value. That value had decreased by
80% after 15 days of storage across the control and all treatments. Previous studies have shown
variable results on the flavonoid content in tomato fruits exposed to different metal-based
nanomaterials. For instance, Yue et al. reported that exposing tomato plants to 10 mg/L of
MnFe2O4 for four days consecutively enhanced the production of various metabolites, including
rutin and quercetin [32]. Wang et al. exposed tomato plants to Fe7(PO4)6 nanomaterials at 5 and
50 mg/kg via soil application and also observed an increase in quercetin, rutin, and naringenin
content at both doses [113]. Similarly, Cu based nanomaterials have been shown to increase the
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flavonoid content in tomato fruits [29,44]. However, tomato plant exposure to ZnO
nanomaterials via soil application resulted in a dose dependent decrease in flavonoid content
[90]. Similarly, Noori et al. also found a decrease in flavonoids from tomato fruits exposed to Ag
NPs [114]. Phenolic compounds act as nonenzymatic antioxidants and are precursors to various
secondary metabolites via the shikimic acid pathway [81]. The main phenolic compounds in
tomato fruits are hydroxycinnamic acids, caffeic acid, chlorogenic acid, and flavonoids,
including rutin, quercetin, and naringenin [115]. Both the total phenolic compounds and total
flavonoids play an important role in plant stress tolerance[116]. In fruits, they aid in the
diminution of free radicals and an increased presence of these phytonutrients may be attributed
as a response to the formation of ROS from the nanomaterials. Overall, this observed increase in
total phenolic compounds is beneficial for fruit quality; however, mass spectroscopy studies are
required in the future to assess which metabolic species are being altered.
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Figure 3.8 Total phenolic compounds content of tomato fruits stored at room temperature for 0
and 15 days after treatment with either Fe3O4 (Fe), MnFe2O4 (MnFe), ZnFe2O4 (ZnFe),
Zn0.5Mn0.5Fe2O4 (ZnMnFe), Mn3O4 (Mn), ZnO (Zn) or their ionic counterparts; n=4; * denotes
statistical difference between control and treatments.
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Figure 3.9 Flavonoid content of tomato fruits stored at room temperature for 0 and 15 days after
treatment with either Fe3O4 (Fe), MnFe2O4 (MnFe), ZnFe2O4 (ZnFe), Zn0.5Mn0.5Fe2O4
(ZnMnFe), Mn3O4 (Mn), ZnO (Zn) or their ionic counterparts; n=4; * denotes statistical
difference between control and treatments.
3.4 Conclusion
Overall, this study revealed that nanoscale treatments had generally non-significant
effects on tomato physiological parameters and fruit production. However, there were some
notable impacts on nutritional quality of the tomato fruits. For instance, the sugar content was
enhanced in fruits of plants treated with Mn3O4 and ZnO NMs. The total phenolic compounds
were enhanced by ZnFe2O4, Zn0.5Mn0.5Fe2O4, ZnO, and the iron and zinc ionic counterparts.
Moreover, MnFe2O4, ZnFe2O4, and Zn0.5Mn0.5Fe2O4 initially slowed lycopene production,
although after 15 days of storage at room temperature for 15 days, this effect had disappeared.
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Lastly, β-carotene concentration decreased in fruits of plants treated with Mn3O4, ZnO, Mn2+,
and Zn2+ when stored for both 0 and 15 days at room temperature. This indicates that there was
inhibition in the carotenoid biosynthesis pathway. This study demonstrates that NMs may induce
both beneficial and detrimental effects in nutritional quality of tomato fruit. This highlights that
caution is needed in such approaches and that further comprehensive studies are required to
investigate and understand the underlying molecular basis of these impacts.
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CHAPTER 4
CONCLUSIONS
The present doctoral research was conducted to develop an understanding of the impact
of various metal oxide nanomaterials in the production and quality of Candyland Red tomatoes
(Solanum lycopersicum L.). During this study, CuO, Fe3O4, MnFe2O4, ZnFe2O4, Zn0.5Mn0.5Fe2O4,

Mn3O4, ZnO were synthesized and applied to tomato plantlets; ionic counterparts

of CuSO4, FeCl2, MnCl2, or Zn(NO3)2 were used for comparison. This investigation provides
insights on the effects of CuO, Fe3O4, MnFe2O4, ZnFe2O4, Zn0.5Mn0.5Fe2O4, Mn3O4, and ZnO on
the tomato plant physiology, fruit production, and fruit production.
Phase 1 was conducted to investigate the effects of pristine CuO and citric acid
functionalized CuO on the tomato plant growth and fruit production. The results from phase 1
showed no impact on the overall plant agronomical parameters nor on the fruit production. The
bioactive compounds tested such as flavonoids, total phenols, lycopene, and total proteins were
unaffected by the various treatments as well. Although, the fruit carbohydrates were affected by
F.CuO where a decrease in the starch content was observed. Moreover, a redistribution of
macronutrients and micronutrients in various tissues was observed to varying degrees. In the
roots, S.CuO and P.CuO at 500 mg/kg caused an increase in TSP while similar effects were
observed with F.CuO at 50 mg/kg, indicating that citric acid surface modification increases
biocompatibility of the NMs. It is imperative to consider the surface modifications,
concentrations for application, and size of the material. As the response to NM exposure will
vary between plant species, the bio-interactions of CuO NPs should not be generalized either.
For instance, the present study investigated the exposure effects of pristine and surface coated
CuO, while there were no impacts from the exposure in the bioactive compounds, suggesting
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more extensive studies are required in such field. The use of real-time monitoring or molecular
biology may aid in developing a better understanding of the physiological indices.
Phase 2 of this study showed that nanoscale treatments (Fe3O4, MnFe2O4, ZnFe2O4, Zn0.5Mn0.5Fe2O4,

Mn3O4, and ZnO) had no impact on the tomato physiological parameters and fruit

production. Nevertheless, there were some notable differences on nutritional quality of the
tomato fruits from the treatments. For example, the fruit sugar content was enhanced from plants
treated with Mn3O4 and ZnO NMs. Moreover, ZnFe2O4, Zn0.5Mn0.5Fe2O4, ZnO, and the iron and
zinc ionic counterparts enhanced the total phenolic compounds. Initially, the lycopene
production in the fruits was slowed by MnFe2O4, ZnFe2O4, and Zn0.5Mn0.5Fe2O4; however, after
15 days of storage at room temperature, this effect had disappeared. Lastly, Mn3O4, ZnO, Mn2+,
and Zn2+ reduced the β-carotene concentration in tomato fruits when stored for both 0 and 15
days at room temperature indicating that there was an inhibition in the carotenoid biosynthesis
pathway.
This doctoral research investigation study demonstrates that NMs may induce both
beneficial and detrimental effects in nutritional quality of tomato fruit. This highlights that
caution is needed in such approaches and that further comprehensive studies are required to
investigate and understand the underlying molecular basis of these impacts.
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